either the W or the SI mutant locus have the same phenotype.l-3.17 Melanocytes, erythrocytes, mast cells, and germ cells are also depleted in the SI mutant As suggested by the molecular nature of the Wand SI loci, depletion of melanocytes," erythrocyte^,'^ mast cells,3 and germ cells" in the W mutant mice is due to a defect of precursor cells, whereas the depletion of melanocytes,'* erythrocytes,2' mast cells,I7 and germ ~e l l s~~,~~ in the SI mutant mice is due to a defect of the stromal cells that support differentiation.
Many mutant alleles have been reported at the W locus. Heterozygotes of mutant W alleles have a depigmented area of various size and pattern.',' The W" is a mutant allele found by Dr M. Nishimura of Nagoya University (Nagoya, Japan).24 W"/+ mice have large depigmented areas lacking any welldefined pattern. The WJfC mutant allele was recently found by Dr Katoh of the Central Institute for Experimental Animals (Kawasaki, Japan). WJ1'/+ mice also have large depigmented areas lacking any well-defined pattern. Pigmented areas of WJfc/+ are diluted, as observed in W v / + mice, but pigmented areas of W"/+ mice are not diluted, as observed in W/+ mice. The Wf mutant allele has been described by Guenet et a125 of the Institut Pasteur (Paris, France). Wf/+ mice in the C57BL/6 background do not have depigmented areas, but have very slight coat color dilution. In appearance, Wf/ Wf homozygous mice closely resemble WJfc/+ heterozygous mice. W/lWf mice have large depigmented areas lacking any well-defined pattern, and pigmented areas of Wf/ Wfmice are diluted. Both male and female W/l Wfmice are fertile. " We have studied the number of mast cells in the skin of W/+, Wv/+, and W"/+ heterozygous mice.24 Mast cells decreased in w"/+ mice, but not in W/+ and w"/+ mice. The different effect of W" and W mutant alleles on the number of mast cells may be explained by their molecular nature. The W mutant allele produces a truncated c-kit protein (hereafter called c-kit" protein) without the transmembrane domain due to a point mutation of the noncoding r e g i~n . '~,~~
MAST CELLS IN C-KIT HETEROZYGOTES 2531
The c-kit" protein is not expressed on the cell surface. On the other hand, the W" mutant allele has been characterized as a point mutation at the tyrosine kinase domain of the ckit gene that reduces the tyrosine kinase activity.z6,z8 The ckit" mutant proteins are normally expressed on the cell surface. The cell surface expression is considered to be important for dimerization of c-kit proteins and the dimerized c-kit proteins may function as receptor^.^^.^*-^' The c-kit receptors composed of two normal c-kit proteins are produced in W/ + heterozygous mice, whereas the receptors containing abnormal c-kit" proteins are produced in W"/+ heterozygous m i~e . '~, '~,~' The decrease of mast cell number i n Wu/+ heterozygous mice may be attributable to the formation of such abnormal c-kit receptors. In the present study, we characterized the molecular nature of W", WJ", and Wfmutant alleles and compared it with the number of mast cells in the skin of W"/+, WJ*'/+, Wf/+, and Wf/ W f mice. Although all the W", WJfC, and Wf mutant alleles were point mutations a t the tyrosine kinase domain of W(c-kit) gene, the c-kit protein encoded by the W" mutant allele was not expressed on the cell surface. As a result, the phenotype of W"/+ mice resembled that of W/+ mice.
MATERIALS AND METHODS
The congenic WB-W"/+, C57BL/6-W"'/+, and C57BL/ 6-Wq+ strains were established in our laboratory by repeated backcrosses. The original stock of WB-W/+, C57BL/6-W v / + , C57BL/6-W4'/+, and C57BL/6-W3'/+ strains were obtained from The Jackson Laboratory (Bar Harbor, ME). Heterozygous, homozygous, and doubly heterozygous mice were raised in our laboratory. Because the genetic backgrounds of WB, C57BL/6, and (WB X C57BL/6)F, did not influence the number of mast cells in the skinz4 and the results of in vitro experiment^,^^-'^ we only describe the genotypes hereafter.
Mice were killed by decapitation after ether anesthesia. Blood samples were obtained, and the number of erythrocytes was counted by using a hemocytometer. Pieces of the dorsal skin were removed, smoothed onto a piece of filter paper to keep them flat, fixed in Carnoy's solution, and embedded in paraffin. Sections (4-pm thick) were stained with Alcian blue. Mast cells between epithelium and panniculus camosus were counted under the microscope, and the number was expressed as mast cells per centimeter of s k h 3
Polymerase chain reaction (PCR) was performed using eight complementary oligonucleotide primers. The following oligonucleotide primers were used primer 1, GAGCT-CAGAGTCTAGCGCAG (1 through 20); primer 2, CATATA-TATCCACTGCTGGTGCTCG (1066 through 1090); primer 3, TGTTGAATACGAGGCCTACC (1039 through 1058); primer 4, AACTCAGCCTGTTTCTGG (1779 through 1796); primer 5, AG-GAGATAAATGGAAACAATTATGT (1 707 through 173 1); primer 6, CTTCCTTGATCATCTTGTAGAACTT (2654 through 2678); primer 7, TAGCCAGAGACATCAGGAATGA (2460 through 248 1); and primer 8, TTTCTAGTCTTGCTACATA (3401 through 3419) (primers of odd numbers are sense primers and those of even numbers are antisense primers; sequences are written from 5' to 3' , and the number in parentheses refers to the region of the sequence8).
cDNA synthesis and isolation of PCR-ampliJied products. Total RNA was extracted from cerebellums of WB-Wn/ W" and C57BL/ 6-+/+, -WJfC/ W"', and -W f / W f mice by using the guanidine isothiocyanate m e t h~d . '~ From 5 fig of total RNA, the single-strand cDNA was synthesized using reverse transcriptase and downstream antisense primers. cDNA was amplified by PCR using Taq DNA
Mice.
Numbers of erythrocytes and mast cells.
Oligonucleotide primers.
polymerase in 30 cycles of 1 minute of denaturation at 9 4 T , 2 minutes of annealing at 55"C, and 3 minutes of synthesis at 72°C.36 For the analysis of DNA sequence, products of a reverse transcriptase modification of PCR (RT-PCR) were gel-purified, treated with T4 polynucleotide kinase, and then treated with Klenow fragment of DNA polymerase I. The products were subcloned into the EcoRV site of Bluescript I ICs(-) (Stratagene, La Jolla, CA). The nucleotide sequences were determined by the method of Sanger et al" using [32P]-a-deoxycytidine triphosphate (dCTP DuPont/NEN Research Products, Boston, MA; 10 mCi/mL).
Mice of 5 days of age were killed by overinhalation of ether. Spleens were removed and cells were suspended as described previously.3s Pokeweed mitogen-stimulated spleen cell conditioned medium (PWM-SCM) was prepared according to the method described by Nakahata et Culture flasks (Nunk, Roskilde, Denmark) containing 2 X 10' spleen cells and 5 mL a-minimal essential medium (a-MEM; Flow Laboratories, Irvine, UK) supplemented with mol/L 2-mercaptoethanol, 10% PWM-SCM were incubated at 37°C in a humidified atmosphere of 5% C 0 2 in air. Half of the medium was replaced every 7 days, and more than 95% of cells were CMCs at 4 weeks after the initiation of the cu1tu1-e.~~ The WCB6FI-+/+/3T3-1 fibroblast cell line was established from WCB6F, mouse embryos in our laboraMaintenance of CMCs by coculture with fibroblasts. Coculture of CMCs with fibroblasts was performed as described p r e v i~u s l y .~~~'~ CMCs (1 .O X IO5 cells) were suspended in 2 mL a-MEM containing 5% fetal calf serum (FCS; Hyclone Laboratories Inc, Logan, UT) and antibiotics and were inoculated to a confluent culture of fibroblasts in a 35-mm dish (Corning, New York, NY). The coculture was performed at 37°C in a humidified atmosphere containing 5% COz in air. The culture medium was aspirated and replaced with 2 mL fresh culture medium without PWM-SCM every 2 days. Mast cells were identified by staining cytocentrifuge preparations of trypsinized cultures with Alcian blue, and the number of mast cells was counted under the microscope. Results were expressed as the mean f SE of four dishes.
Attachment of CMCs to fibroblasts was examined as described previo~sly.'~ CMCs (1 .O X lo5 cells per well) were suspended in 0.4 mL a-MEM containing 5% FCS and antibiotics, and were inoculated to fibroblast cultures in microwells of 24-well tissue culture plates (Corning). At 1, 3, and 6 hours after initiation of the coculture, the microwells were washed four times with warmed (37°C) a-MEM to remove nonattaching CMCs. Fibroblasts and attaching CMCs were harvested after trypsin (0.1%) treatment (37°C for 15 minutes). Cytocentrifuge specimens were fixed with Carnoy's solution and stained with Alcian blue and nuclear fast red. The number of remaining mast cells per fibroblast was calculated.
Preparation and specificity of the ACK2 rat monoclonal antibody (MoAb) against the extracellular domain of the c-kit receptor have been described in detai1!2,43 CMCs were incubated first with ACK2 MoAb at 4°C for 30 minutes and then rinsed and stained with fluorescein isothiocyanate (FITC)-conjugated monoclonal antirat K antibody prepared at Kumamoto University Medical School (Kumamoto, Japan)!2343 CMCs were rinsed and analyzed on a FACScan (Becton Dickinson, Los Angeles, CA).
Total RNA was prepared from CMCs of various genotypes by using the guanidine isothiocyanate and poly(A)+RNA was purified by Oligotex-dT30 (Japan Synthetic Rubber/Nippon Roche, Tokyo, Japan). The mouse c-kit cDNA and &actinM cDNA were used as probes after labeling with ["PI-a-dCTP by random oligonucleotide priming.
Immunoprecipitation nnalysis. For metabolic labeling, 4 X 1 O6
CMCs were washed with prewarmed phosphate-buffered saline (PBS)
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Northern blotting analysis.
For personal use only. on October 3, 2017. by guest www.bloodjournal.org From and incubated at 37°C for 2 hours in methionine-free Eagle's minimal essential medium containing 5 mmol/L glutamine, 1 mmol/L sodium pyruvate, and 10% dialyzed fetal bovine serum (Hazleton, Lenexa, KS). Then cells were incubated in the fresh medium containing ['%I-methionine (DuPont/NEN Research Products; 100 pCi/mL) for 6 hours or for IO. 30, or 60 minutes. The labeled cells were collected, washed with ice-cold PBS, and lysed in TDS buffer (IO mmol/L Na2HP04 [pH 7.21 and 160 mmol/L NaCl containing I% Triton X-100. I% deoxycholic acid. and 0.3% sodium dodecyl sulfate [SDS] ). The lysates were centrifuged at 50,000 rpm for 30 minutes at 4°C to remove cell debris. The extracts were precleared with protein GSepharose beads (Pharmacia, Uppsala, Sweden) and then precipitated with ACK2 MOA^^*.^' or class-matched control antibody conjugated to protein G-Sepharose beads in TDS buffer for 12 hours at 4°C. Immunoprecipitates were washed with TDS buffer three times and with IO mmol/L phosphate buffer (pH 7.0) containing 0.5% Tween 20 (Bio-Rad Laboratories. Richmond, CA) four times, resuspended in sample buffer ( I O mmol/L Tris-HCI [pH 7.41 containing 4% SDS, 10% P-mercaptoethanol, and 10% glycerol), and boiled for 5 minutes. The labeled proteins were subjected to 7.5% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) according to the method described by Lae1nmli.4~ Gels were fixed with IO% acetic acid and 30% methanol and treated with I mol/L sodium salicylate before autoradiography.
Hereafter, the c-kit ligand encoded by the mouse SI locus is called stem cell factor (SCF)." Recombinant mouse SCF (rmSCF) was a gift from Kirin Brewery Company Ltd (Tokyo, Japan). Exponentially growing CMCs were washed three times with a-MEM and incubated in chemically defined serum-free medium with human transferrin, insulin, and bovine serum albumin (ASF-102: Ajinomoto. Tokyo, Japan) for 5 hours at 37°C to eliminate serum and PWM-SCM. CMCs ( 5 X IO6) were suspended in I mL of ASF-I02 medium and were then exposed to rmSCF (100 pg/mL) at 37°C for 15 minutes. After stimulation, CMCs were washed with cold PBS and immediately lysed in 100 pL of lysis buffer (20 mmol/ L Tris-HCI, pH 8.0. I37 mmol/L NaCI, 10% glycerol, I% Nonidet P-40) containing 2 I mmol/L phenylmethylsulfonyl fluoride (Sigma Chemical Company, St Louis, MO). 0. I5 U/mL aprotinin (Sigma), IO mmol/L EDTA, IOpg/mL leupeptin (Sigma), 100 mmol/Lsodium fluoride, and 2 mmol/L sodium orthovanadate (Sigma) at 4°C for I5 minutes. The lysates were centrifuged at 15,000 rpm for IO minutes at 4°C to remove cell debris. For immunoprecipitation, the extract was first incubated with normal rabbit serum and protein G-Sepharose
In vitro kinase assa,~~.r. IO mCi/mL). The reaction mixture was incubated for 15 minutes at 3OoC and the reaction was terminated by adding 20 pL of 3X SDS sample buffer. The mixture was boiled for 5 minutes and then analyzed by 5% to 20% gradient SDS-PAGE and autoradiography.
RESULTS
Number of mas1 cell.7 in rhe skin. Various doubly heterozygous and homozygous mutants at the W locus were raised, and the number of mast cells in the skin was determined. All W/W, W/W422, W/WJic, W/W", and W/W" mice were black-eyed whites, and no mast cells were observed in the skin of 5-day-old W/W4', W/WJic, W/Wj7, and W/W" mice, as in W / W m i~e~~ (Table I ). The number of mast cells in the skin of W'/W'mice was larger than the value observed in W/W mice,24 but smaller than the value observed in +/ + mice.
WJic/+, W37/+, W"/+, and W'/Wf mice have large depigmented areas lacking any well-defined pattern, but depigmented areas in these mutant mice were smaller than those of W"/+ mice (Fig I) . Pigmented areas of W42/+, WJic/+, Therefore, the number of CMCs that survived in the coculture reproduced well the number of skin mast cells (Table 1) .
Both CMCs. On the other hand, the attachment of W/Wj7 CMCs and W/W" CMCs was apparently impaired, as described in the case of W/W CMC34 (Fig 2) . The c-kit cDNAs were cloned from the cerebellum of WJtc/WJ'', Survival of CMCs onfibroblasts.
Attachment of CMCs to fibroblasts.
Characterization of W' ", W", and Wf mutant alleles. Wn/W", and Wf/Wf mice by RT-PCR using a series of ckit-specific oligonucleotide pairs. When compared with the published sequence of mouse c-kit cDNA,~ there were three common changes in WhC, W", and W'mutant alleles: an AT + CG transversion at nucleotide 648 that resulted in the change from Glu to Ala at position 207; a CG + TA transversion at nucleotide 16 18 that did not result in alteration of amino acids; and a GCG codon of nucleotides 2357 to 2359 changed to a GGC codon that resulted in the change from Ala to Gly at position 777. Because the first and third changes were observed in the c-kit cDNA derived from C57BL/6-+/+ mice as well, we considered that these changes were strain-specific polymorphisms. On the other hand, the following specific changes were observed in the c-kit cDNA obtained from the cerebellum of WJlc/WJZc, Wn/Wn, and Wf/Wf mice. The c-kit cDNA from WJlC/WJlc mice showed a GC + AT transition at nucleotide I8 1 1 that resulted in the change of Gly to Arg at position 595 (Fig 3) . The c-kit cDNA from Wn/Wn mice showed a CG -+ TA transition at nucleotide 2532 that resulted in the change from Ala to Val at position 835 (Fig 3) . The c-kit cDNA from Wf/Wf mice showed an AT + TA transversion at nucleotide 2474 that resulted in the change from Arg to Trp at position 816 (Fig  3) . Therefore, (Fig 4) . As reported by Nocka et a126 and Hayashi et al?' the transcripts in W/W CMCs were smaller than 5.5 kb (Fig 4) . The (Fig 5) .
W" CMCs
The magnitude of 145-Kd protein synthesis was comparable among W/W4', W/WJ". and W/+ CMCs (Fig 5 ) and among +/+, WJ'c/WJic, and W//W'CMCs (Fig SB) . ported in W/W4' CMCS,-'~ whereas W/W" CMCs did not appear to express it. Even if it was assumed to be expressed very weakly, the magnitude of c-kit expression on the surface of W/W" CMCs was smaller than that of W/W" CMCs (Fig  7 ) . Wf/WrCMCs expressed the extracellular domain of c-kit protein as strongly as +/+ and Wu/Wu CMCs did.
The kinase activity of c-kif protein was examined by in vitro kinase assay using [y-32P]-ATP. Appreciable autophosphorylation activity of c-kit protein was observed in W v W r CMCs stimulated by rmSCF. However, autophosphorylation activity of c-kit protein was not detectable in WJ'c/WJic and W"/W" CMCs even after stimulation by rmSCF (Fig 8) .
DISCUSSION
All the WhC, W", and W r mutant alleles were shown to be point mutations at the tyrosine kinase domain of the ckit gene. The mutation at the W-"' allele resulted in the substitution of Gly to Arg at position 595. The GIy595 is the first Gly in the ATP-binding consensus sequence of G-X-G-X-X-G.'O"* This consensus sequence is widely conserved in various protein kinases.'* In this sense, the WJrc may be one of typical mutations, of which physiologic consequence is easily understandable. The W"' mutant allele was transcribed to mRNA and translated to c-kit protein, the 145-Kd form of c-kit protein was produced, and the extracellular domain of c-kit protein was expressed on the surface of W/WJrc CMCs. However, autophosphorylation of c-kit"yr' protein did not occur after stimulation by rmSCF. + mice, the number of skin mast cells did not decrease in W"/+ mice, slightly decreased in Wj7/+ mice, and apparently decreased in WJJc/+ mice. The magnitude of coat color dilution was paralleled to that of mast cell decrease. However, because counting mast cell numbers was more objective than scoring dilution of coat color, the mast cell numbers in heterozygotes appeared to be a good marker for classifying mutant alleles of the W(c-kit) locus and to reflect the molecular nature of mutant alleles. The extracellular expression of ckit protein was not detectable from the W" allele, weakly detectable from the W37 allele, and apparently detectable from the WJ" allele. Nocka et reported that the 160-and 130-Kd forms of c-kit protein were synthesized by W37/W37 CMCs and that the half-life of the 160-Kd form of kit"'^ protein was shorter than that of the 160-Kd form of normal (+/+) c-kit protein. This suggests that the c-kitWj7 protein is metabolically unstable, explaining the reduced cell surface expression. In contrast to WJ7/Wj7 CMCs, W"/Wn CMCs did not produce the 145-Kd c-kit protein that corresponds to the 160-Kd c-kit protein of Nocka et Although the W" mutant allele is in some ways reminiscent of the W37 mutant allele, the underlying mechanism appears to be different.
Although the pattern of depigmented areas was remarkably different between W"/+ and W/+ mice, the number of skin mast cells was not decreased in both W"/+ and W/+ mice, in which truncated c-kit"' protein was not expressed on the ~u r f a c e .~~.~~. '~ In their weak mutant phenotype W/+, heterozygous mice resemble heterozygotes of the W'9H mutation, which results from a large deletion including W (c-kif) gene.".5*50.5' Taken together, the W" mutant allele showed null phenotype as Wand W"" mutant alleles, although the W" was a point mutation at the tyrosine kinase domain. The reason why the substitution of Ala to Val at position 835 resulted in depletion of the 145-Kd form of c-kit protein remains to be clarified.
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